ABSTRACT: A biomass agricultural waste material, i.e. apricot stone, was used as an adsorbent either as received (AP), after carbonization at 500°C (C-AP), and after chemical activation using H 3 PO 4 (H-APC) or using KOH (K-APC) followed by carbonization at 500°C. The four adsorbents were characterized by various techniques (e.g. BET specific surface area measurements, FT-IR spectroscopy and measurements of the total pore volume, density, pH and moisture content). Preliminary investigations showed that the highest uptake was exhibited by K-APC.
INTRODUCTION
Wastewater effluents from some industries such as dyestuff, textiles, leather, paper and plastics contain several kinds of synthetic dyestuffs. A very small amount of dye in water is highly visible and can be toxic to aquatic life and harmful to human beings (Prado et al. 2004) . Hence, the removal of colour from process or waste effluents is of fundamental importance to the environment (Chiou and Li 2002, 2003) . However, the treatment and disposal of waste effluents can involve significant practical difficulties.
In order to solve this problem, various physical and chemical processes for the removal of colour have been investigated such as coagulation, flocculation, biosorption, photodecomposition and ultrafiltration (Babel and Kurniawan 2003; Galindo et al. 2000) . However, pulp and paper or textile industries have seldom applied the aforementioned processes to such wastewater treatments because of the relatively high operational costs and the low removal ratios. On the other hand, low-cost adsorbents, e.g. chitosans, clays, zeolites, peat soils, fly ashes, coals, natural oxides, humic substances and activated carbon, have been highlighted in recent years as a means of removing contaminants from waters (Galindo et al. 2000; Lee 2001) .
Activated carbons are non-specific adsorbents, their adsorption properties being essentially attributed to their large surface areas, large total pore volumes, high degrees of surface reactivity and favourable pore-size distributions (Cagnon et al. 2003; Baklanova et al. 2003) . The texture (surface area and porosity) of activated carbons can be easily modified or even tailored to suit a specific application (El-Nabarawy et al. 1997) . The surface chemistry of an activated carbon also plays a dominant role in determining its adsorption properties and consequently its use (Salame and Bandosz 1999; Youssef et al. 1982) . It is also possible to modify the surface chemistry of activated carbons by controlling the amount and strength of the surface functional groups, particularly those of the carbon-oxygen type (Gil et al. 1997; Chorna et al. 1999) .
Agricultural by-products which exist in large amounts pose problems to the environment as potential solid pollutants. Many years ago such by-products were used as a fuel in rural areas but no longer find any application of commercial interest. The preparation of activated carbons from agricultural by-products should therefore be encouraged, since they are cheap precursors and their use in this manner would prevent their accumulation. In a similar manner to other countries, Egypt is rich in many agricultural by-products that can be used for the preparation of activated carbon. Apricot stones have been used for such purpose in the present study following impregnation with 70% phosphoric acid or potassium hydroxide and activation at 500°C. Physically activated carbon has also been prepared by the gasification of non-activated carbon (prepared by carbonizing apricot stones at 500°C). The textural properties of the resulting activated products were determined from nitrogen adsorption studies at -196°C, the adsorption data being analyzed using different theories and methods of textural analysis. The present study is focused on factors affecting the sorption of Indigo Carmine dye from aqueous media by activated carbon derived from apricot stone (AP). Thermodynamic data for the adsorption process have been evaluated and possible working mechanisms discussed.
EXPERIMENTAL

Adsorbents
The chemical composition of the raw apricot stone, i.e. ash content = 0.2%, C = 55.6%, H = 6.8%, N = 0.2%, S = 0.1%, O = 37.3.% (obtained by difference) (Savova et al. 2001) , suggests that it could be a very suitable raw material for the preparation of activated carbons because of its low sulphur and ash content and its high carbon and oxygen content. For this reason, a series of activated carbons has been prepared from apricot stones. Typically, an apricot stone was crushed and four types of adsorbents prepared from it. First, part of the crushed apricot stone was taken as received without any treatment (AP). Secondly, 30 g of the crushed sample was carbonized by heating in a stainlesssteel reactor placed in a tube furnace at a rate of 50°C/10 min at atmospheric pressure up to of 500°C over a period of 80 min (C-AP). Thirdly, crushed apricot stone was used for the production of activated carbons via one-step chemical activation using H 3 PO 4 (H-APC) or KOH (K-APC).
In each of the latter experiments, 30 g of crushed apricot stone was soaked in pre-diluted 70% v/v phosphoric acid or 70% KOH. Thus, the crushed apricot stone was soaked in 50 ml of H 3 PO 4 (or KOH) solution which was agitated slightly to ensure thorough penetration of the acid (or base), the resulting mixture then heated to 80°C for 1 h and left overnight at room temperature to assist the appropriate wetting and impregnation of the precursor. The impregnated mass obtained was dried in an air oven overnight at 80°C and then admitted into the reactor (ignition tube) which was placed in a tubular electric furnace which was open at both ends. The temperature was increased at a rate of 50°C/10 min up to 500°C over 80 min. The final product was washed thoroughly with hot distilled water and finally dried at 110°C.
All the data arising from the physicochemical characterizations of the prepared adsorbents are summarized in Table 1 below. The infrared spectra of adsorbents were obtained via a Fouriertransform infrared (FT-IR) spectrometer using the KBr disc technique.
Adsorbate
The adsorbate employed was Indigo Carmine (IC) dye as obtained from Aldrich. Indigo Carmine is used as a colorant for nylon, surgical situres, foods and ingested drugs, as a reagent for functional kidney tests, for the detection of nitrates and chlorates, and in the testing of milk.
Indigo Carmine: Acid Blue 74; C.I. 73015; Mol. Wt. = 466.36
All other chemicals were of AR grade. Doubly-distilled water was used for all preparations. The solution pH was adjusted by adding a small amount of 0.1 M HCl or 0.1 M NaOH.
Sorption experiments
A stock solution of Indigo Carmine (IC) dye was prepared by dissolving the required amount of IC in the least amount of doubly-distilled water, transferred the resulting solution to a 100 ml volumetric flask and completing to the mark with doubly-distilled water. The pH of the solution was adjusted to the desired value using 0.1 M NaOH or 0.1 M HNO 3 . In all sorption experiments, 30 ml aliquots of the IC solution were contacted with 30 mg of the carbon in stoppered glass bottles. After adjustment of the solution conditions, the bottles were shaken using a thermostatic shaker (Kottermann D-1362, Germany) to achieve equilibrium conditions. The equilibrated samples were analyzed at a wavelength λ max = 608 nm using a Shimadzu model 160A double-beam UV spectrophotometer and employing matched 10 mm quartz absorption cells. The uptake of dye (q e ) was calculated via the equation:
where V is the sample volume, C i and C f are the initial and final dye concentrations (mg/l), respectively, and M is the amount of adsorbent employed (g).
Desorption experiments
Desorption experiments were carried out by shaking the loaded carbon in doubly-distilled water or 0.1 N HCl or 0.1 N NaOH, respectively, for predetermined time intervals up to 7 d. Table 1 summarizes the physicochemical properties of the four adsorbents studied. The following various factors affecting the removal of IC were investigated.
RESULTS AND DISCUSSION
The type of adsorbent employed
As shown by the data listed in Table 1 and depicted in Figure 1 , sample K-APC showed the greatest uptake (217.95 mg/g) despite the acid-treated sample (H-APC) having a higher specific surface area (554 m 2 /g compared to 98 m 2 /g for the base-treated K-APC). The higher percentage removal of IC by K-APC may be ascribed to a number of factors. Firstly, the surface of K-APC was basic (pH = 9.5) which enhanced the electrostatic attraction of the Acid dye IC and increased its adsorbability. Secondly, KOH activation at high temperatures leads to the development of basic oxides, e.g. chromene-and pyrone-like structures (Savova et al. 2003) which have some potential in the removal process. Finally, in addition, the presence of oxygen induces a higher adsorptive capacity for the activated carbon. This latter phenomenon may be attributed to polymerization of the adsorbate on the carbon surface (Daifullah et al. 2004) .
Thus, the adsorptive capacity of K-APC towards the removal of IC dye is not only influenced by its specific surface area but also strongly by its surface chemistry. 330 Hamdi M.H. Gad and Abd. El-Hakim A.M. Daifullah/Adsorption Science & Technology Vol. 25 No. 5 2007 
Surface functional groups
Trace A in Figure 2 (a) depicts the FT-IR spectrum for apricot stone as received (AP), trace B is that for the C-AP sample, trace C is that for the H-APC sample and trace D is that for the K-APC sample. Similarly, trace A in Figure 2 (b) depicts the FT-IR spectrum for the K-APC sample before the adsorption of IC dye while trace B is that obtained after the adsorption process had occurred. It will be seen that the spectra generally exhibited a considerable difference when activation of the sample was achieved via the use of KOH or, alternatively, when the uptake of dye had occurred on the samples studied. The FT-IR spectrum of AP shows the presence of an absorption band at 3400 cm -1 which may be attributed to intra-molecular H-bonded (-OH) groups. Bands at 2925 and 2854 cm -1 are due to aliphatic C-H groups while the peak at 1745 cm -1 corresponds to the existence of cyclic lactones or isolated carbonyl groups (El-Sheikh et al. 2004) . The band at 1655 cm -1 arises from the C=O stretching vibration in the ketone group while the band at 1459 cm -1 is due to C=C stretching vibrations in aromatic rings. Similarly, the band at 1162 cm -1 corresponds to C-O stretching (in lactones, ethers, phenols, etc.). After oxidation with KOH, the band at 3600-3200 cm -1 in the corresponding spectrum [curve D in Figure 2 (a)] broadens and is of a higher intensity. This may be associated with the stretching vibrations of hydroxy groups involved in hydrogen bonding, probably with the participation of water adsorbed onto the carbon surface (Nakbanpote et al. 2002) . After treatment with KOH, bands in the carbonate/carboxylate region -specifically those near 1629, 1477, 1451 and 1381 cm -1 -become more intense (Bollinger and Vannice 1996) . Finally, it should be noted that bands between 2400 and 2200 cm -1 can be assigned to adsorbed CO 2 molecules. The various spectra depicted suggest the existence on the sample surface of some basic groups arising from pyrones (cyclic ketones) and other keto derivatives of pyrane. Thus, the surface chemical structure of the K-APC sample was relatively complex, being characterized by different O-containing and C-H groups. Such polar functional groups can play a significant role in the adsorption of polar organic molecules and, hence, influence the efficiency of the carbon towards the adsorption of dye. Trace B in Figure 2(b) shows that, after the uptake of IC dye, the intensities of all the peaks mentioned above decreased with some disappearing altogether. This provides a clear confirmation of the impact of such surface functional groups on the adsorption process under study.
System pH value
The pH has a profound influence on the adsorptive uptake of adsorbate molecules, presumably as a result of its influence on the surface properties of the adsorbent and on the ionization/ dissociation of the adsorbate molecules. Variations in the removal of dye from wastewater at various pH values are shown in Figure 3 regarding the effect of pH has been observed for the adsorption of Congo Red and Acid Violet on activated carbon prepared from coir pith, and for the adsorption of Acid Blue 9 onto a mixture of activated carbon and activated clay. This behaviour could be due to the carbon surface acquiring a basic character on KOH treatment. It has been reported that such basic surface properties arise from two types of interactions (Baklanova et al. 2003) , viz. (i) the formation of an electron-donor acceptor (EDA) complex predominantly in carbons of low oxygen content and (ii) the contribution of pyrone-type groups which prevails in carbons of high oxygen content. Two possible mechanisms for the adsorption of IC dye onto K-APC may be considered: (a) electrostatic interaction between protonated groups on the carbon surface and the acidic dye molecules and (b) chemical reaction between the adsorbate and the adsorbent. The activated carbons produced in the present study were hydrophobic in nature and acquired a positive charge when immersed in water through the absorption of hydrogen (H + ) ions (McKay 1983b) . Such increased H + ion concentration exists at low solution pH values, suggesting that the surface of the activated carbon would acquire a positive charge under such conditions. Under such circumstances, significantly strong electrostatic attractions would occur between the positively charged carbon surface and the anionic dye molecules, thereby leading to the maximum adsorption of IC dye. An increase in the pH of the system would lead to an increase in the number of negatively charged sites on the carbon surface and a corresponding decrease in the number of positively charged sites. Negatively charged surface sites would not favour the adsorption of anionic dye molecules due to electrostatic repulsion.
In alkaline medium, the extent of removal of colour associated with IC dye increased as the pH value increased from 10.0 to 11.4. Normally, one would expect lower adsorption of IC dye onto the carbon surface under alkaline conditions due to competition between excess OH -ions and anionic dye molecules for surface adsorption sites. Hence, the increased removal of dye from the system could be due either to the formation of small coagulated numbers of dye molecules at pH ≥ 10 as observed experimentally or, alternatively, to the operation of a second mechanism, i.e. chemisorption, under these circumstances.
Effect of contact time
The data depicted in Figure 3(b) show that the uptake of dye increased with contact time, with equilibrium being achieved after 14.4 h at 30°C at an adsorbent concentration of 1 g/l and an initial dye concentration of 250 mg/l. Thereafter, the amount of dye adsorbed remained virtually constant with respect to time.
Kinetics of adsorption
The kinetics of adsorption of IC dye onto K-APC has been studied by applying the first-order kinetic equations proposed by Natarajan and Khalaf (Kannan and Vanangamudi 1991) , and by Lagergren (Kannan and Sundaram (2001) : Natarajan and Khalaf:
Lagergren:
where C i and C t are the concentrations of dye (in mg/l) at the start of the experiment and at a time t, respectively, q e and q t are the amounts of dye adsorbed per unit mass of adsorbent (in mg/g) at equilibrium and at time t, respectively, and k ads is the first-order adsorption rate constant (in h -1 ). These equations allow the values of log(C i /C t ) and log(q e -q t ) to be correlated with time. In the present study involving the K-APC adsorbent, the magnitudes of the adsorption rate constant and the correlation coefficient (r) calculated from the Natarajan and Khalaf equation (k ads = 0.01543 h -1 , r = 0.997) were found to be close to the corresponding values computed from the Lagergren equation (k ads = 0.01997 h -1 , r = 0.977).
Intraparticle diffusion model
The adsorbate (IC) particles were most probably transported from the bulk of the solution to the solid phase via an intraparticle diffusion/transport process; this is often the rate-limiting step in adsorption processes, especially those occurring in a rapidly stirred batch reactor (McKay 1983a) . The possibility of such intraparticle diffusion was explored using the intraparticle diffusion model (Crank 1979 ; Deo and Ali 1993a):
where q t is the amount of dye adsorbed (in mg/g) at time t, k p is the intra-particle diffusion rate constant [in mg/(g h -1/2 )] and C is the intercept observed in the plot of q t versus t 1/2 . From such a linear plot, a value of k p of 18.097 mg/(g h -1/2 ) was obtained with a correlation coefficient, r, of 0.975. This result indicates that intraparticle diffusion was the rate-determining step in the present process. The value of the intercept, C (= 24.5), provided a measure of the boundary layer thickness, the large value observed suggesting a considerable boundary layer effect (Annaduari and Krishnan 1996). The plot of log(% Removal) versus log t was also linear (slope = 0.71) with a correlation coefficient, r, close to unity (0.97). This also supports the occurrence of an intraparticle diffusion process. However, divergence in the value of the slope from 0.5 indicates that intraparticle diffusion was only one of a number of rate-limiting steps in the process log log .k t 
Effect of carbon dose
The effect of the carbon dose on the amount of dye adsorbed is depicted by the data reported in Figure 4 . It will be seen that the uptake of IC dye depicted in Figure 4 (a) diminished with increasing carbon dose and was found to be insignificant for K-APC beyond a dose of 0.167 g/l.
The plot of log(dose) versus log(% R), where R is the extent of IC removal, was linear (r Ϸ 1.0) [Figure 4(b) ]. This suggests that the adsorbed solute may either block the access to the internal pores or cause particles to aggregate, thereby leading to a decrease in the availability of active sites for adsorption (Kannan and Srinivasan 1998) .
Effect of the batch ratio (V/M)
The amount of adsorbent employed also influenced the efficiency of the adsorption process. The results listed in Table 2 
Effect of particle size
Batch adsorption experiments were carried out using four different particle sizes (< 0.25 mm, < 0.50 mm, < 1.0 mm and > 1.0 mm) at a fixed initial concentration, pH value, adsorbent dose, contact time and temperature as shown in Figure 5 . It will be seen that as the particle size increased, the uptake, q e (mg/g), of IC dye decreased. Since adsorption is a surface phenomenon, smaller adsorbent sizes offer a comparatively larger surface area and, hence, higher adsorption occurs at equilibrium. According to Weber (1967) , breakage of larger particles tends to open tiny cracks and channels on the particle surface, thereby providing an added surface area which can be employed in the adsorption process.
The intraparticle diffusion studies mentioned in Section 3.6 above showed that the particle size of the adsorbent also greatly influenced the adsorption rate. A decrease in particle size would lead to an increase in surface area and thus an increase in the opportunities for adsorption at the outer surface of the adsorbent material. In addition, the possibility of intraparticle diffusion from the outer surface into the pores of the material also exists. In this case, the diffusional resistance to mass transfer would be greater for larger particles. However, due to various factors such as the diffusional path length or mass-transfer resistance, contact time and the blockage of some diffusional pathways, most of the internal surface of the particle may not be utilized for adsorption. As a consequence, the adsorption efficiency may be low as depicted in Figure 5 .
Effect of initial dye concentration
Figure 6(a) shows that the percentage removal of IC dye decreased in a linear fashion with increasing initial dye concentration (r Ϸ 1). However, the data recorded in Figure 6 (b) indicate that dye uptake at equilibrium did not increase linearly with the residual concentration of dye but tended to approach a plateau value at high residual concentrations. This behaviour is a reflection of the reduction in initial dye adsorption at high initial dye concentrations brought about by the lack of available active sites. Similar results have been reported for the removal of other dyes from aqueous solution (Annadurai and Krishnan 1996; McKay et al. 1980) .
Adsorption isotherms
To quantify the adsorption capacity of K-APC carbon towards the removal of IC dye from aqueous solutions, two parameter isotherm models [equations (4) and (5)] were applied in their linearized forms (Feng et al. 2004) to the data obtained as follows:
Langmuir isotherm: C e /q e = 1/bq 0 + C e /q 0 (4)
where q e (mg/g) is the quantity of IC dye adsorbed per unit weight of adsorbent at equilibrium, C e (mg/l) is the equilibrium concentration of IC in solution [as shown in Figure 6 (a)], b is the constant characterizing the strength of the interaction between IC dye and the carbon surface (mg/l), q 0 is the adsorption capacity (mg/g), k F is the Freundlich affinity parameter for a heterodisperse system and n is the adsorptive intensity related to the magnitude of the adsorption driving force and to the distribution of energy sites on the adsorbent. Figure 7 shows the application of both isotherm equations to the data obtained in the present study. The constants arising from the two models as calculated from the slopes and intercepts of the linear plots depicted are listed in Table 3 . It was found that the highest correlation was obtained with the Langmuir isotherm, thereby demonstrating that the Langmuir model fitted the results slightly better than the Freundlich model.
Effect of temperature
Using an initial IC dye concentration of 1000 mg/l, adsorption experiments were conducted at three different temperatures (30°C, 50°C and 70°C) in order to determine the effect of temperature log log / log q k ln C on the adsorption capacity. The data obtained at these three temperatures are depicted in Figure 8 (a) while the thermodynamic plot of rate versus temperature is depicted in Figure 8 (b). It will be observed that increasing temperature led to an increase in the adsorption capacity. Such an increase in the amount of IC dye adsorbed may either be due to the acceleration of some originally slow adsorption steps or to the creation of some new active sites on the adsorbent surface. The enhanced mobility of the IC dye molecules from the bulk solution towards the K-APC surface should also be taken into account (Khalid et al. 1998) . In this case, adsorption interactions at higher temperatures must involve some type of specific interaction, e.g. a probable bond cleavage (endo process) resulting in the generation of smaller entities capable of entering certain pore sizes. Alternatively, such behaviour may be ascribed to "activated" adsorption, which accelerates diffusion into certain pores in the adsorbent (Khalil and Girgis 1995) .
In an attempt to resolve these possibilities, the thermodynamic parameters ∆G 0 , ∆S 0 and ∆H 0 for this adsorption process have been determined using the following equations (Annadurai and Krishnan 1996) :
where q e is the maximum amount of dye adsorbed per unit mass of activated carbon (mg/g), C e is the equilibrium concentration of IC dye (mg/l) and T is the temperature in degrees Kelvin. Thus, equation (7) can be used to evaluate the adsorption entropy, ∆S 0 , and the adsorption enthalpy, ∆H 0 , from a plot of log(q e /C e ) versus 1/T. It will be seen from Figure 8 (b) that a linear plot (r = 0.968) was obtained from the application of equation (7) to the experimental data obtained in the present study. The positive value of ∆H 0 (127 kJ/mol) listed in Table 4 indicates that the adsorption of the IC dye onto K-APC was an endothermic process.
The value of ∆H 0 obtained in the present study was higher than that for other systems involving physical adsorption or ion exchange (Mishra and Tiwary 1999) for which ∆H 0 values of 8.4 ± 12.6 kJ/mol have normally been reported. This clearly indicates that the overall process in the present studies did not proceed via an ion-exchange mechanism and suggests the possible involvement of surface complex formation in the system (i.e. chemisorption), in agreement with results reported earlier (Mishra and Tiwary 1999) . Such data are also in line with the FT-IR spectra for K-APC obtained before and after the adsorption of IC dye. The negative value of the standard Gibbs free energy (∆G 0 ) obtained for the adsorption process demonstrates the spontaneity of IC dye uptake. The low and positive value for the standard entropy change (∆S 0 ) evaluated for the present system (Table 4) reveals that those adsorbed water molecules which are displaced by corresponding dye molecules gain more translational entropy than that lost by the adsorbate, thus increasing the randomness in the system (Koral et al. 1958) . . Those cations whose influence was greater than that of IC dye alone were slightly more effective coagulants (Nguyen et al. 1995) . The inhibitory effect noted for the Al 3+ ion may be related to the greater tendency of this ion to form soluble complexes with IC dye or to the fact that it undergoes extensive hydrolysis in aqueous solution.
Influence of various added ions
Desorption measurements
Desorption studies help both in elucidating the adsorption mechanism and in recovering the adsorbate from both the adsorbent and the aqueous solution. Such desorption studies showed that no desorption of IC dye occurred after contact between the loaded matrix and boiling doubly-distilled water or 0.1 N NaOH or 0.1 N HCl for 10 d. This result was not unexpected for the following reasons:
(i) Due to the absence of competition from other adsorbates, the large dye molecules adsorbed are unlikely to desorb when the system is diluted with water (Kipling 1965; Hesselink 1983) . (ii) Since such molecules will have several contact points leading to a large net adsorption energy (Ash 1973) , it is statistically and energetically improbable that all the adsorbed segments will leave the surface simultaneously (Weber 1967 ). (iii) Under these circumstances, IC dye molecules will be adsorbed chemically as a result of the formation of different complex compounds brought about by interaction with a large number of surface functional groups on the carbon surface (Savova et al. 2003; Ekinci et al. 2002) .
In conclusion, it may be noted that the kinetic tests mentioned above suggested that the adsorption process is probably not reversible. This indicates that, after adsorption, the resulting active carbon loaded with IC dye may be disposed of safely or regenerated by heat treatment at high temperature. Thus, the release of harmful dye into the environment after adsorption may be avoided (Pradhan et al. 1999) .
CONCLUSIONS
The oxidation of the activated carbon derived from AP pretreated with KOH (K-APC) led to an increase in the number of surface functional groups which play a significant role in the adsorption of polar organic compounds. Under these circumstances, the highest uptake of IC dye onto K-APC was achieved using 0.005 g of carbon at a batch factor V/M = 6000, a particle size < 0.25 mm, a solution pH value of 2.0 and an initial dye concentration of 250 mg/l. Intraparticle diffusion occurred in the system, with the adsorption data obtained under equilibrium conditions being fitted better by the Langmuir isotherm equation rather than the Freundlich equation. Since the adsorption process was endothermic, it was preferred at higher temperatures. The capacity of activated carbon for the adsorption of IC dye was slightly enhanced by the presence of certain cationic species in the aqueous solution. Finally, the kinetic desorption tests suggested that the adsorption process was probably not reversible. This indicates that the spent active carbon would be safe for disposal.
